• Hematopoietic progenitor kinase 1 (HPK1) regulates LFA-1 affinity and thereby controls adhesion and postadhesion functions of neutrophils.
• Hematopoietic progenitor kinase 1 (HPK1) regulates LFA-1 affinity and thereby controls adhesion and postadhesion functions of neutrophils.
• Hematopoietic progenitor kinase 1 (HPK1) is critically involved in neutrophil trafficking during acute inflammation.
Introduction
Polymorphonuclear neutrophils (PMNs) mediate host defense and inflammation. During the acute inflammatory response, PMNs are rapidly (within minutes) recruited from the blood to lesion sites. 1 Although under tight temporal and spatial control, this response, called the multistep cascade of leukocyte recruitment, is extremely robust. The recruitment cascade of PMNs in postcapillary venules involves capture and rolling, activation, firm adhesion, adhesion strengthening, spreading, and intraluminal (mechanotactic) crawling of PMNs on the activated endothelium to extravasation sites where transendothelial diapedesis occurs. Upon extravasation, PMNs perform abluminal crawling on the pericytes of the vessel wall followed by interstitial migration. 2 Although this process of PMN recruitment during acute inflammation is well defined on the cellular level, the molecular mechanisms controlling this cascade are still incompletely understood. Inflammatory mediators released from the surrounding tissue prompt endothelial cells of postcapillary venules to upregulate expression of various surface molecules, including P-selectin, E-selectin, and intercellular adhesion molecule 1 (ICAM-1). 1 Selectins mediate initial capture and rolling of PMNs, facilitating PMN activation via G protein-coupled receptors by chemokines such as CXCL1 presented at the luminal side of inflamed endothelial cells. The following recruitment steps, including slow rolling, firm adhesion, adhesion strengthening, spreading, intraluminal crawling, and PMN extravasation are mainly mediated by b 2 integrins (CD11/CD18). 1, 3, 4 This family of heterodimeric leukocyte adhesion molecules consists of four members among which lymphocyte function-associated antigen 1 (LFA-1; CD11a/CD18, a L b 2 ) and macrophage antigen 1 (Mac-1; CD11b/CD18, a M b 2 ) are most important for PMN recruitment. b 2 integrins are known to exist in 3 conformational states with different ligand affinities. 5 Bent inactive b 2 integrins with low ligand affinity are predominant on nonactivated circulating PMNs. During PMN rolling on endothelial selectins via P-selectin glycoprotein ligand 1 (PSGL-1), ligand binding of PSGL-1 triggers extension of LFA-1 via inside-out signaling, which thereby gains intermediate affinity to its ligand ICAM-1 and can, in turn, mediate slow leukocyte rolling through transient interactions. [6] [7] [8] Finally, binding of CXCL1, for example, to its G protein-coupled receptor (i.e., CXCR2) induces further inside-out signaling that promotes partial dissociation of the alpha and beta subunits of extended LFA-1. 6, 8 This second conformational shift leads to an opening of the b 2 integrin I domain promoted by a complex sequence of molecular events that regulate the high ligand affinity conformation of LFA-1 and thereby allow firm PMN arrest. 8, 9 However, b 2 integrins not only mediate adhesive interactions, they also induce outside-in signaling processes that support postadhesion events, including adhesion strengthening, induction of shape change, and spreading. 4, [10] [11] [12] Upon ligand binding of b 2 integrins, immunoreceptor tyrosine-based activating motif (ITAM)-bearing side chains of transmembrane adaptors such as DAP12 or FcgRIIA are phosphorylated by Src-family kinases, which results in recruitment and activation of spleen tyrosine kinase (Syk). 13, 14 Syk is also known to be involved in PSGL-1-mediated inside-out signaling. 15 However, during b 2 integrin-mediated outside-in signaling, activated Syk has several downstream partners, including PLCg, Vav, or the mammalian actin-binding protein 1 (mAbp1). 14, 16 mAbp1 is an adaptor protein that has recently been found to play an important role in PMN recruitment. 17 Accordingly, mAbp1 was critically involved in PMN adhesion, spreading, and migration under flow conditions in vitro and in vivo. 18, 19 In addition, PMN extravasation during inflammation was markedly reduced in the absence of mAbp1. 19 Fluorescence microscopy revealed that mAbp1 was recruited to the leading edge of polarized PMNs in a Syk-dependent manner, where it colocalized with F-actin. 18 Upon ligand binding of b 2 integrins, outside-in signaling induced the interaction of mAbp1 with actin and promoted the reinforcement of the high-affinity conformation of b 2 integrins under flow conditions. 18, 19 Originally, mAbp1 was cloned as an interacting protein of hematopoietic progenitor kinase 1 (HPK1) in fibroblasts and was named HPK1-interacting protein of 55 kDa (HIP-55). 20 By using cotransfected HEK293 T cells, Ensenat et al demonstrated that this interaction was mediated by the Src homology 3 (SH3) domain of mAbp1 and the second proline-rich domain of HPK1. 20 Subsequently, evidence for the interaction between mAbp1 and HPK1 was also obtained in T Jurkat cells.
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HPK1 is a 97-kDa Ste20-like serine/threonine kinase predominantly expressed in hematopoietic cells of the adult organism. 22 First described as an activator of the SAPK/JNK pathway, 22 HPK1 was found to be involved in nuclear factor kB activation 23 and apoptosis of T cells 24 and is known to negatively affect lymphocyte adhesion. 25, 26 HPK1 can exert its function by interacting with several adaptor proteins in a variety of different signaling complexes thereby finetuning regulation of different cellular processes, including differentiation, proliferation, adhesion, and apoptosis of lymphocytes. [24] [25] [26] [27] [28] Thus, there is a growing body of evidence that HPK1 plays an important role in the regulation of the adaptive immune system, but the functional impact of HPK1 for innate immunity and especially PMN recruitment remains elusive. Therefore, this study was designed to delineate the functional impact of HPK1 for PMN trafficking during the acute inflammatory response.
We found that HPK1 constitutively co-immunoprecipitated with the adaptor protein mAbp1 in neutrophil-like differentiated HL-60 (dHL-60) cells. HPK1 was enriched at the lamellipodium of polarized dHL-60 cells upon b 2 integrin-mediated adhesion where it colocalized with mAbp1 and actin. Functional analysis revealed that HPK1 was important for CXCL1-induced adhesion under flow conditions by regulating the induction of the high-affinity conformation of LFA-1. Moreover, HPK1 was involved in adhesion strengthening, spreading, and mechanotactic crawling of PMNs under flow conditions. In cremaster muscle venules treated with tumor necrosis factor a (TNF-a), leukocyte extravasation was severely compromised in the absence of HPK1. Thus, we identified HPK1 as an important regulator of LFA-1-mediated PMN recruitment during acute inflammation.
Materials and methods

Plasmids, antibodies, and reagents
Please see supplemental Methods.
Mice
HPK1
2/2 mice that carried a PGK1-neo selection cassette in antisense orientation in the second half of exon 1, disrupting protein expression, were maintained on the C57BL/6 background. 29 All animal experiments were institutionally approved by Regierung von Oberbayern, Munich, Germany.
Isolation of murine PMNs and cell culture
PMNs were isolated from murine bone marrow by using a discontinuous Percoll gradient as described. 16 Isolated PMNs were cultivated for 24 hours in RPMI 1640 medium supplemented with 20% WEHI-3B-conditioned medium. Murine WEHI-3B cells (ACC 26) and human HL-60 cells (ACC 3) were obtained from the German Resource Centre for Biological Material (Braunschweig, Germany). dHL-60 cells were differentiated with 1.3% dimethylsulfoxide (DMSO) for 6 days. Stable lentiviral transduction of HL-60 cells was performed as described. 18 Co-immunoprecipitation and confocal microscopy Co-immunoprecipitation experiments were performed as previously described. 18 Briefly, dHL-60 cells stably expressing mAbp1-GFP or dHL-60 control cells were seeded onto fibrinogen-coated dishes or were left in suspension and were incubated at 37°C for 10 minutes. Upon induction of adhesion by the addition of 1 mM Mn 21 for 15 minutes, cells were lysed and co-immunoprecipitation was performed by using GFP-Trap beads (Chromotek; Martinsried, Germany). Fluorescence staining and confocal microscopy of dHL-60 cells are described in supplemental Methods.
Intravital microscopy
Intravital microscopy of the mouse cremaster muscle was performed by using an upright microscope (Leica; Wetzlar, Germany) with an SW403/ 0.75NA saline immersion objective, as previously reported.
12 Microvascular parameters were measured by using a digital image processing system. 30 Postcapillary venules were recorded to calculate rolling flux fraction (percentage of rolling leukocytes relative to the number of leukocytes entering the vessel) and leukocyte adhesion efficiency (percentage of adherent leukocytes per square millimeter relative to white blood cell count in mL 21 ). Leukocytes were considered adherent when attached at the same position for . 30 seconds. 31 To analyze CXCL1-induced adhesion, rolling flux fraction and adhesion efficiency were measured at different time points following systemic application of CXCL1 (600 ng) via the carotid artery and were compared with control values obtained from the same vessels prior to CXCL1 injection. Leukocyte recruitment during TNF-a-induced acute inflammation was studied with intravital microscopy 2.5 hours after intrascrotal injection of TNF-a (500 ng). Leukocyte rolling and adhesion were assessed as mentioned above. Time-lapse recordings were conducted for 10 minutes to investigate leukocyte crawling on the inflamed endothelium BLOOD, 16 MAY 2013 x VOLUME 121, NUMBER 20 HPK1 IS REQUIRED FOR NEUTROPHIL RECRUITMENT 4185
as described. 32 Leukocytes with a displacement of .15 mm were tracked by using ImageJ (National Institutes of Health, Bethesda, MD). Calculation of crawling parameters and plotting of rose diagrams were carried out as described. 33 Leukocytes ending up in a 60°angle symmetrically divided by the vector of blood flow were defined as leukocytes crawling in the direction of blood flow. . Flow chambers were coated with P-selectin (10 mg/mL), ICAM-1 (12.5 mg/mL), and CXCL1 (5 mg/mL). PMNs were treated with a nonbinding control antibody (crtl immunoglobulin G [IgG]), or function blocking anti-Mac-1, or anti-LFA-1 antibodies (30 mg/mL) as indicated. Numbers indicate relative PMN adhesion after 10 minutes in percent of all interacting PMNs (100%). n 5 4; mean 6 standard deviation (SD); *P , .05; **P , .001; n.s. 5 not significant.
Flow chamber assays and fluorescence-activated cell sorting analysis of isolated PMNs
Histologic analysis of cremaster whole mounts
Statistical analysis
Data shown represent mean 6 standard deviation or standard error of the mean, as indicated. Statistical significance (P , .05) was calculated by using the Student t test or Mann-Whitney rank sum test as implemented in Sigma Stat V3.5 (Systat Software, Chicago, IL).
Results
Adaptor protein mAbp1 and HPK1 constitutively co-immunoprecipitated and colocalized at the lamellipodium upon b 2 integrin-mediated adhesion
To study the interaction between mAbp1 and HPK1 in myeloid cells, we performed co-immunoprecipitation experiments with neutrophillike dHL-60 cells. We used wild-type dHL-60 cells for control and dHL-60 cells expressing mAbp1-GFP (dHL-60-mAbp1-GFP) for specific mAbp1-GFP pulldown. Cells were exposed to immobilized fibrinogen, a known b 2 integrin ligand, and were treated with Mn 21 to induce adhesion by stabilizing the high-affinity integrin conformation, 34 or cells were left untreated for control. After cell lysis, co-immunoprecipitation with GFP nanotraps was performed, and HPK1, mAbp1, and actin were detected by western blotting ( Figure 1A ). As expected, adhesion induced the interaction between mAbp1 and actin. 18 Moreover, HPK1 co-immunoprecipitated with mAbp1 in unstimulated nonadherent dHL-60-mAbp1-GFP cells as well as in adherent cells. Using wild-type dHL-60 cells as negative control, no (co)-immunoprecipitation was observed, demonstrating the specificity of the technique that was used. Next, confocal microscopy was used to study the localization of mAbp1 and HPK1 in adherent dHL-60 cells ( Figure 1B ). When exposed to immobilized fibrinogen in the presence of Mn 21 (upper panel), the cells underwent a shape change and formed lamellipodium-like structures enriched with HPK1 colocalizing with mAbp1. Upon exposure to immobilized ICAM-1 and interleukin-8 (IL-8), the cells polarized and formed lamellipodia displaying an enrichment of HPK1, which colocalized with mAbp1 (lower panel) and actin ( Figure 1C ). Thus, mAbp1 and HPK1 seemed to interact constitutively, and the induction of b 2 integrin-mediated adhesion led to an enrichment of the HPK1-mAbp1 module at the lamellipodium, where it colocalized with actin.
LFA-1-mediated induction of adhesion was defective in HPK1
2/2
PMNs under flow conditions
To elucidate the functional impact of HPK1 on PMN trafficking, we studied induction of adhesion under flow conditions in vitro by using PMNs isolated from HPK1 2/2 and HPK1 1/1 control mice.
First of all, the expression levels of mAbp1 in HPK1 1/1 and HPK1 2/2 PMNs were studied and found to be similar in both cell types (supplemental Figure S1 ). For functional analysis, PMNs were perfused through flow chambers coated with P-selectin, ICAM-1, and CXCL1 at physiological flow conditions in the presence of anti-LFA-1 or anti-Mac-1 function blocking antibodies or a nonbinding control antibody. Relative adhesion of PMNs was significantly reduced from 90% 6 3% of HPK1
PMNs to 52% 6 10% of HPK1 2/2 PMNs in the presence of a nonbinding control antibody ( Figure 1D ). Blocking Mac-1 had only minor effects, suggesting that Mac-1 was dispensable for induction of adhesion in this experimental setting. In contrast, blocking LFA-1 markedly decreased adhesion of HPK1 1/1 PMNs to adhesion levels seen in the absence of HPK1, whereas adhesion of HPK1
2/2
PMNs was almost unaffected. Thus, HPK1 specifically regulated CXCL1-induced adhesion to ICAM-1 via LFA-1 under flow conditions.
HPK1 regulated the affinity of LFA-1, but not Mac-1 in PMNs
To exclude the possibility that compromised PMN maturation or diminished b 2 integrin expression in the absence of HPK1 caused the observed defect, fluorescence-activated cell sorting analysis for surface expression of Gr-1, CD18, CD11a, and CD11b was performed. The expression levels of all epitopes of HPK1
PMNs were similar when compared with HPK1 1/1 PMNs (Figure 2A) . Upregulation of CD11b/CD18 in HPK1 2/2 PMNs was also unaffected upon stimulation with CXCL1, TNF-a, or N-formyl-methyl-leucyl-phenylalanine compared with HPK1
PMNs. Thus, compromised induction of adhesion in the absence of HPK1 2/2 was not due to impaired PMN maturation or decreased b 2 integrin expression. Next, we studied the role of HPK1 for the control of ligand-binding affinity of the b 2 integrins LFA-1 (CD11a/ CD18) and Mac-1 (CD11b/CD18). Binding of soluble fibrinogen to isolated murine PMNs was quantified by using flow cytometry as a measurement of Mac-1 affinity. When stimulated with CXCL1, fibrinogen binding of HPK1 1/1 PMNs was increased compared with unstimulated PMNs, as expected ( Figure 2B ). Addition of Mn 21 , which stabilizes the high-affinity conformation of Mac-1 while bypassing inside-out signaling, 34 also increased fibrinogen binding compared with unstimulated control. However, there was PMNs. This finding suggests that HPK1 specifically regulated the induction of the high-affinity conformation of LFA-1, but not Mac-1 during inside-out signaling upon CXCL1 stimulation.
CXCL1-mediated induction of leukocyte adhesion in vivo was almost absent in HPK1 2/2 mice
To analyze the in vivo relevance of our findings, leukocyte rolling and adhesion were studied in postcapillary venules of the inflamed mouse cremaster muscle. White blood cell count and hemodynamic parameters of analyzed vessels of HPK1 1/1 and HPK1 2/2 mice were comparable (Table 1 ). Prior to CXCL1 injection, similar rolling flux fractions were observed in postcapillary venules of HPK1 1/1 and HPK1 2/2 mice ( Figure 3A ). As expected, systemic administration of CXCL1 caused a striking drop in the rolling flux fraction after 3, 6, and 9 minutes in HPK1 1/1 mice when compared with control values obtained before CXCL1 injection. In contrast, CXCL1 application in HPK1 2/2 mice only mildly decreased the rolling flux fraction when compared with the data obtained prior to CXCL1 injection, and it led to significantly elevated rolling flux fractions when compared with that in HPK1 1/1 mice. Whereas the leukocyte adhesion efficiency ( Figure 3B) was similar in both groups prior to CXCL1 injection, application of CXCL1 led to an increased adhesion efficiency in HPK1 1/1 mice after 3 minutes, which slightly declined after 6 and 9 minutes, as expected. 35 In contrast, CXCL1-induced leukocyte adhesion was almost absent in HPK1 2/2 mice, demonstrating a profound leukocyte adhesion defect in HPK1 2/2 mice in response to CXCL1.
LFA-1-mediated adhesion strengthening and spreading of HPK1 2/2 PMNs were reduced under flow conditions in vitro
Postadhesion functions of PMNs were studied in vitro by using flow chamber assays. For analysis of adhesion strengthening, gradually increasing shear stress was applied to isolated murine PMNs adherent in flow chambers coated with P-selectin, ICAM-1, and CXCL1. At 1 dyne/cm 2 , 97% 6 2% of initially adherent HPK1 1/1 PMNs (100%) remained adherent in the presence of an isotype control antibody ( Figure 4A ). This percentage was significantly lower in HPK1 2/2 PMNs (61% 6 9%). The observed detachment of HPK1 2/2 PMNs was even more pronounced at higher shear. Under shear stress of 8 dyne/cm 2 , 69% 6 12% of HPK1 1/1 PMNs remained adherent, whereas this percentage was significantly reduced to only 11% 6 10% in HPK1 2/2 PMNs (Figure 4 and supplemental Video V1). The detachment process of HPK1 1/1 and HPK1 2/2 PMNs was almost unaffected in the presence of a function blocking anti-Mac-1 antibody when compared with the data obtained in the presence of an isotype control antibody, suggesting that adhesion strengthening critically involved LFA-1 but was rather independent of Mac-1. To analyze spreading, PMNs were exposed to immobilized P-selectin, ICAM-1, and CXCL1 for 10 minutes, and flow of 1 dyne/cm 2 was applied for 5 minutes before the cell area was quantified ( Figure 4B ). When compared with HPK1
1/1 PMNs with a mean cell area of 104 6 6 mm 2 , the cell area of HPK1 2/2 PMNs was significantly diminished to 75 6 6 mm 2 in the presence of an isotype control antibody. This was also apparent in the microscopic images ( Figure 4B ). Spreading was unaffected in the presence of an anti-Mac-1 function-blocking antibody when compared with isotype controls, indicating a predominant role of LFA-1 and its regulation by HPK1 for PMN spreading on ICAM-1 under flow conditions.
Direction of mechanotactic crawling was altered in HPK1
2/2 PMNs
To further investigate the importance of HPK1 for trafficking of PMNs, mechanotactic crawling was analyzed. Shear of 1 dyne/cm Figure 5A ). This was also true for the crawling velocity ( Figure 5B ). However, detailed analysis of the crawling direction revealed a slight but significant difference between HPK1 1/1 and HPK1 2/2 PMNs ( Figure 5C ). Here, the percentage of PMNs crawling within a 60°angle, which is symmetrically divided by the vector of flow, was increased in HPK1 2/2 PMNs, suggesting that the ability to crawl against or perpendicular to the direction of flow was diminished in the absence of HPK1. To study the effect of HPK1 on intraluminal crawling under physiologic conditions, we performed intravital microscopy of the mouse cremaster muscle. Because leukocyteendothelial interactions upon systemic administration of CXCL1 are too transient to allow analysis of leukocyte crawling, the model of intrascrotal injection of TNF-a 2.5 hours prior to microscopy was chosen to study leukocyte crawling in vivo. Here, almost every adherent cell crawled ( Figure 5D ). Similar to the in vitro findings, leukocyte crawling velocity was approximately 9 mm/min and was not affected by the absence of HPK1 ( Figure 5E ). However, crawling direction was severely affected in HPK1 2/2 mice.
Although in HPK1 1/1 mice, most leukocytes crawled against or perpendicular to the direction of blood flow and only 21% 6 4% of PMNs crawled in the direction of flow, the majority of leukocytes in HPK1 2/2 mice (58% 6 9%) crawled within 60°of the direction of blood flow ( Figure 5F ). This finding, also illustrated by the rose diagrams ( Figure 5G ), suggests that HPK1 was important for controlling the direction of PMN crawling under flow conditions. PMN adhesion and extravasation were defective in TNF-a-treated cremaster muscle of HPK1 2/2 mice
To study the impact of HPK1 for leukocyte infiltration into the tissue during a robust proinflammatory response, we used the model of intrascrotal injection of TNF-a. Rolling flux fraction and rolling velocity were comparable between HPK1 1/1 and HPK1 2/2 mice 2.5 hours after intrascrotal injection of TNF-a, as assessed by intravital microscopy ( Figure 6A-B) . Hemodynamic parameters (Table 2 ) of analyzed vessels showed no difference between the two mouse strains. However, leukocyte adhesion efficiency was significantly reduced in HPK1 2/2 mice when compared with HPK1 1/1 mice ( Figure 6C ). Histologic examination of Giemsa-stained whole mounts of murine cremaster muscles treated with TNF-a allowed the quantification of leukocytes within the vessels and in the tissue (supplemental Figure S2) . Compared with HPK1
1/1 mice, HPK1 2/2 mice revealed a significantly reduced number of intravascular leukocytes confirming the adhesion defect observed by intravital microscopy ( Figure 6D ). Moreover, the number of perivascular leukocytes in the tissue was significantly reduced ( Figure 6E ), demonstrating the biological importance of HPK1 for leukocyte infiltration of the tissue during an acute inflammatory response.
Discussion
In this study, we showed that HPK1 was critically involved in LFA- -mediated induction of high-affinity LFA-1, bypassing inside-out signaling, 34 was independent of HPK1. Interestingly, HPK1 was dispensable for binding of soluble fibrinogen by PMNs. Although Mac-1, as well as CD11c/CD18 binds fibrinogen, Mac-1 represents the major fibrinogen receptor on PMNs because expression of CD11c/CD18 is particularly low on this cell type compared with Mac-1. 37 Thus, HPK1 seems to specifically regulate the affinity of LFA-1, whereas Mac-1 function is likely to be independent of HPK1. Intravital microscopy confirmed the pivotal role of HPK1 for CXCL1-induced leukocyte adhesion. Upon systemic CXCL1 injection, promoting high-affinity LFA-1 and thus mediating leukocyte arrest, PMNs were able to crawl only in the direction of blood flow, whereas HPK1 1/1 PMNs crawled in all directions. Phillipson et al suggested that mechanotactic crawling perpendicular to blood flow is important for PMNs to find optimal transmigration sites. 40 The overall ability of PMNs to crawl under flow conditions is known to primarily depend on Mac-1 because the percentage of crawling PMNs was reduced after blocking Mac-1 but not LFA-1 in vivo. [40] [41] [42] [43] This is in line with the finding that the percentage of PMNs crawling on truncated ICAM-1, which lacked the binding site for Mac-1, was reduced compared with full-length ICAM-1 in vitro. 18 Recently, Dixit et al showed that high-affinity LFA-1, but not Mac-1, promoted mechanotactic crawling perpendicular to the direction of flow. 44 Our findings clearly suggest a role of HPK1 in mechanotactic crawling perpendicular to and against the direction of flow. Thus, HPK1 seemed to be required not only for CXCL1-induced adhesion by regulating the affinity state of LFA-1, but also for the control of subsequent postadhesion events of PMN, including adhesion strengthening, spreading, and mechanotactic crawling perpendicular to or against the direction of flow. The biological significance of HPK1 for LFA-1-mediated PMN recruitment during acute inflammation was unraveled by using the model of TNF-a-induced inflammation in the mouse cremaster muscle, where leukocyte accumulation in the tissue was severely compromised in the absence of HPK1.
In previous studies, the adaptor protein mAbp1 was found to be critical for PMN trafficking. [17] [18] [19] mAbp1 is involved in b 2 integrin-mediated outside-in signaling downstream of Syk, it translocates to the plasma membrane in a Syk-dependent manner, and it colocalizes with actin upon ligand binding of b 2 integrins. 18 Here, we found that HPK1 constitutively coimmunoprecipitated with mAbp1 in dHL-60 cells independent of b 2 integrin-mediated cell activation whereas b 2 integrinmediated adhesion promoted the interaction of mAbp1 with actin, 18 suggesting that the HPK1-mAbp1 module was translocated to the cytoskeleton upon adhesion. Confocal microscopy of adherent cells showed that both molecules were enriched at the lamellipodium where HPK1 also colocalized with actin. Similar to HPK1 [45] [46] [47] and negatively regulates T-cell adhesion and spreading on immobilized ICAM-1/Fc under static conditions. 25 Similar effects were reported when HPK1 was knocked down in WEHI 231 cells. 26 In T cells, HPK1 is involved in various signaling pathways, including TCR and E-prostanoid receptor signaling, 48, 49 and regulates NFAT-, AP-1-, and nuclear factor kB-mediated 26,27,48 gene transcription. Accordingly, HPK1 is thought to participate in lymphocyte maturation, differentiation, activation, proliferation, and apoptosis and thereby implies a complex pattern of regulation. [24] [25] [26] 50 Possible downstream targets of HPK1 in PMNs include the SH2 domaincontaining leukocyte protein of 76 kDa (SLP-76), which interacts with HPK1 via its SH2 domain. 51 In T cells, SLP-76 is phosphorylated by HPK1, leading to binding of 14-3-3, ubiquitination, and degradation of SLP-76 with subsequent attenuation of TCR signaling. [45] [46] [47] 52 Moreover, HPK1 competes with ADAP for SLP-76 binding in T cells and thereby decreases the amount of active Rap1, an activator of highaffinity LFA-1. 25 In PMNs, SLP-76 is involved in integrin activation, as well as in outside-in signaling and subsequent cell spreading. 53, 54 Interestingly, Tan et al suggested positive and negative regulatory functions of HPK1 in T cells, depending on the associated adaptor proteins, 28 which may also account for the diverging effects of HPK1 in myeloid and lymphoid cells. However, further studies are required to provide a better understanding of HPK1 signaling in PMNs.
Taken together, our results showed that HPK1 was important for CXCL1-mediated induction of PMN adhesion in vitro and in vivo by regulating the affinity of LFA-1. In addition, HPK1 was critically involved in postadhesion functions of PMNs, namely adhesion strengthening, spreading, and directed mechanotactic crawling under flow conditions. In vivo analysis unraveled the pivotal impact of HPK1 for PMN extravasation in response to TNF-a. We conclude that HPK1 is critically involved in LFA-1-mediated recruitment of PMN during the acute inflammatory response. Further studies have to show whether the absence of HPK1 ameliorates the outcome of PMN-driven acute inflammatory diseases and may define the
